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High	 Arctic	 tundra,	 and	 can	 the	Normalized	Differential	 Vegetation	 Index	 (NDVI)	
	detect	induced	changes?
Location: Adventdalen,	Spitsbergen,	Svalbard	(78°10′	N,	16°04′	E).






Results: Community	 composition	 and	 the	 abundance	 of	 typically	 dominant	 shrub	
species	were	 substantially	different	 in	 the	Deep	 compared	 to	 the	Ambient	 regime.	
Deep	had	 lower	cover	of	 live	shrubs	 (Cassiope tetragona, Dryas octopetala and Salix 







and	 increased	 bryophyte	 cover	 than	 ambient	 conditions.	 These	 differences	 were	
	detectable	by	handheld	NDVI	sensors.
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1  | INTRODUC TION
High	 latitudes	 are	 already	 strongly	 affected	 by	 anthropogenic	 cli‐
mate	change.	Climate	warming	is	occurring	fastest	at	high	latitudes,	
but	 unlike	 at	 lower	 latitudes,	 precipitation	 is	 forecast	 to	 increase	
(IPCC	2013,	Chapter	12,	Bintanja	&	Andry,	2017)	and	projected	to	
happen	 primarily	 in	 late	 autumn	 and	winter	 due	 to	 the	 decline	 of	
sea	ice	(Bintanja	&	Selten,	2014;	Kopec,	Feng,	Michel,	&	Posmentier,	
2015).	 Increasing	 snowfall	 could	 lead	 to	deeper	 snow,	 later	 snow‐
melt,	and	delayed	start	of	the	growing	season.	Projections	of	snow‐
fall	 and	 snow	 cover	 duration	 have	 high	 uncertainty	 compared	 to	




and	 ecosystem	 function	 (Cooper,	 2014;	Niittynen	&	 Luoto,	 2018),	
and	thus	any	changes	in	precipitation	could	have	substantial	conse‐
quences	for	tundra	ecosystems.	Of	particular	interest	is	a	proposed	
feedback	 loop	deemed	 the	 “snow–shrub	hypothesis”	 (Sturm	et	al.,	
2005)	whereby	 deeper	 snow	 leads	 to	 increased	microbial	 activity	
(Schimel,	 Bilbrough,	 &	 Welker,	 2004),	 thus	 faster	 decomposition	
(Blok,	Elberling,	&	Michelsen,	2016),	higher	nitrogen	availability,	and	
hence	increased	shrub	growth.	Shrubs	trap	drifting	and	windblown	
snow,	 leading	 to	 even	 deeper	 snow	 cover	 and	 creating	 a	 positive	
feedback.	This	has	been	suggested	as	the	mechanism	for	observed	
landscape‐scale	 shrub	 expansion	 in	 the	 Low	 Arctic	 (Hallinger,	
Manthey,	&	Wilmking,	2010).
Changes	 in	 winter	 climate	 affect	 environmental	 conditions	
well	 into	 the	 growing	 season.	 Snowmelt	 timing	 affects	 plant	 phe‐
nology	 (Bjorkman,	 Elmendorf,	 Beamish,	 Vellend,	 &	 Henry,	 2015;	
Semenchuk,	Gillespie,	Rumpf,	Baggessen,	Elberling,	&	Cooper	2016)	
and	 has	 species‐specific	 effects	 on	 plant	 size	 in	 the	 High	 Arctic	
(Blok	 et	 al.,	 2015;	 Rumpf,	 Semenchuk,	Dullinger,	 &	Cooper,	 2014;	






tem‐level	 and	 species‐specific	 responses	 to	 snow	 cover	 and	 has	
implications	 throughout	 the	 food	 web	 (Cooper,	 2014;	 Gillespie,	




Walker,	 &	 Bret‐Harte,	 2005).	 Yet	 in	 contrast	 to	 the	many	 assess‐
ments	of	plant	community	composition	with	regard	to	experimental	
warming,	there	are	few	assessments	of	compositional	responses	to	
experimental	snow	manipulations	 in	Arctic	 tundra	 (but	see	Leffler,	
Klein,	 Oberbauer,	 &	Welker,	 2016;	 Scott	 &	 Rouse,	 1995;	Wahren	
et	 al.,	 2005).	 This	 is	 especially	 true	 in	 the	 High	 Arctic,	 where,	 to	
our	knowledge,	snow	depth	manipulations	have	only	taken	place	at	
three	High	Arctic	 areas	 (northwest	Greenland,	 central	 Greenland,	












plants	 cannot	be	harvested	 for	biomass	measurements	 (e.g.,	 long‐




sufficient	 spatial	 resolution.	 Given	 environmental	 heterogeneity	
and	differences	of	vegetation	types	within	tundra	landscapes,	finer‐












2.1 | Study site and experimental design
The	 study	 was	 conducted	 in	 Adventdalen,	 western	 Spitsbergen	
(78°10′	N,	16°04′	E).	This	area	 is	underlain	by	permafrost	with	an	








in	 Appendix	 S1,	 but	 briefly,	 well‐drained	 stony	 heaths	 in	 the	 val‐
ley	are	characterized	by	high	abundance	of	the	dwarf	shrubs	Dryas 
octopetala	on	slight	 ridges,	and	Cassiope tetragona in hollows. Salix 
polaris	is	a	common	plant	species	across	those	topographical	units.	
The	flatter	mesic	meadows	are	characterized	by	higher	proportional	
cover	of	graminoids	with	Salix polaris and Dryas octopetala common 
throughout,	and	some	patches	of	Cassiope tetragona.	All	vegetation	
at	this	site	is	<10	cm	in	height.
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Snow	regime	was	manipulated	using	ten	snowfences,	five	in	stony	
heaths	 and	 five	 in	mesic	meadows.	 Twelve	 fences	were	 originally	
built	(Morgner	et	al.,	2010)	but	two	were	not	used	for	this	study	due	









and	 further	 on	 up	 to	 20	m	behind	 the	 fences,	 a	 “Medium”	 regime	
with	 60–100	 cm	maximum	 snow	 depth	 (Semenchuk	 et	 al.,	 2013).	
Snowmelt	timing	is	affected	by	snow	regimes;	even	though	there	is	
large	annual	variation,	the	order	of	melting	is	the	same	every	year,	
with	 average	 dates	 (for	 the	 six	 years	 2008–2012	 &	 2015)	 being	
Ambient:	2	June,	Medium:	12	June	and	Deep:	18	June	(Semenchuk,	
Gillespie	et	al.,	2016).	Near‐surface	soil	temperature	at	1	cm	depth	










species	 which	 visually	 appeared	 to	 be	 the	 most	 abundant.	 Three	
Medium	 plots	 per	 fence	were	 established	 in	 2010	 to	 include	both	










plot	 from	each	DES	and	snow	regime	to	survey,	 i.e.,	 five	plots	per	
fence	location	(Ambient Dryas, Ambient Cassiope, Medium, Deep Dryas 
and Deep Cassiope).	This	experimental	design	has	50	plots;	however,	
from	the	start	of	the	experiment,	one	fence	lacked	Cassiope	 in	the	



















F I G U R E  1  Experimental	design,	with	
plots	located	different	distances	behind	


















DES: C DES: D
fence











strained	 ordination	 approach,	 allowing	 us	 to	 use	 non‐Euclidean	
distance	measures,	which	 is	 essential	 since	we	 did	 not	want	 the	
absence	 of	 the	 same	 species	 in	 two	 different	 plots	 to	 influence	
the	ecological	distance	between	 those	 two	plots	 (Faith,	Minchin,	
&	Belbin,	1987).	Here	we	used	the	Bray–Curtis	distance,	which	also	
takes	 the	abundance	of	plants	 into	account	when	calculating	 the	







composition	 not	 of	 primary	 experimental	 interest.	Our	 choice	 of	
constraints	to	include	in	the	dbRDA	model	was	supported	by	com‐

















TA B L E  1  Effect	sizes	of	snow	regimes	on	the	cover	of	plant	groups	in	our	experiment,	together	with	the	mean	cover	for	Ambient 
treatment.	For	vascular	plants,	this	refers	to	the	live	cover
Response variable Treatment comparison Effect strength SE t‐Ratio p‐Value
%	Dryas	(in	Ambient	23.27%) Ambient	→	Medium −11.30 6.54 −1.72 0.21
Ambient	→	Deep −17.80 6.54 −2.72 0.03
Medium	→	Deep −6.50 7.47 −0.87 0.66
%	Cassiope	(in	Ambient	34.42%) Ambient	→	Medium −14.22 7.60 −1.87 0.17
Ambient	→	Deep −22.96 5.96 −3.85 <0.01
Medium	→	Deep −8.75 7.70 −1.14 0.50
%	Salix	(in	Ambient	9.58%) Ambient	→	Medium 0.56 2.00 0.28 0.96
Ambient	→	Deep −5.71 1.83 −3.12 0.01
Medium	→	Deep −6.28 2.28 −2.75 0.03
%	Bistorta	(in	Ambient	3.88%) Ambient	→	Medium 0.12 1.28 0.09 1.00
Ambient	→	Deep 1.88 1.07 1.76 0.20
Medium	→	Deep 1.76 1.28 1.37 0.37
%	Alopecurus	(in	Ambient	6.18%) Ambient	→	Medium −1.82 2.03 −0.90 0.65
Ambient	→	Deep −2.35 1.78 −1.32 0.40
Medium	→	Deep −0.53 2.06 −0.26 0.96
%	Luzula	(in	Ambient	7.24%) Ambient	→	Medium −2.66 2.28 −1.17 0.48
Ambient	→	Deep −5.36 1.91 −2.81 0.02
Medium	→	Deep −2.70 2.41 −1.12 0.51
%	bryophytes	(in	Ambient	8.20%) Ambient	→	Medium 15.47 4.05 3.818 <0.01
Ambient	→	Deep 6.59 3.33 1.98 0.13
Medium	→	Deep −8.87 4.16 −2.133 0.10
%	lichens	(in	Ambient	1.23%) Ambient	→	Medium −0.19 0.56 −0.34 0.94
Ambient	→	Deep 0.06 0.43 0.14 0.99
Medium	→	Deep 0.25 0.56 0.44 0.90



































snowmelt	 in	 2015,	with	Ambient	melting	 first	 (1	 June),	 followed	
by Medium	(5	June)	and	then	Deep	(14	June).	After	snowmelt	was	
complete,	summer	soil	temperatures	did	not	vary	much	between	
regimes,	 but	 on	 the	 warmest	 days,	 Ambient	 plots	 had	 slightly	
warmer	 soils	 than	 the	 other	 treatments.	 Immediately	 following	





2015)	 the	 soil	 moisture	 did	 not	 differ	 between	 snow	 regimes	
(Table	2;	Appendix	S2).
TA B L E  2  Effect	sizes	of	snow	regimes	on	cover	of	combined	plant	groups	and	dead	vascular	plant	material	and	soil	moisture	in	our	
snowfence	experiment	in	Adventdalen,	together	with	the	mean	cover	for	Ambient	treatment
Response variable Treatment comparison Effect strength SE t‐Ratio p‐Value
%	Shrubs	alive	(in	Ambient	51.1%) Ambient	→	Medium −18.40 7.11 −2.59 0.03
Ambient	→	Deep −38.10 5.67 6.72 <0.01
Medium	→	Deep −19.70 7.17 −2.75 0.02
%	Graminoids	and	herbs	alive	(in	Ambient	
17.4%)
Ambient	→	Medium −3.25 4.74 −0.68 0.77
Ambient	→	Deep 4.42 3.78 1.17 0.48
Medium	→	Deep 7.68 4.78 1.61 0.25
%	All	vascular	plants	alive	(in	Ambient	68.5%) Ambient	→	Medium −21.7 5.89 −3.68 <0.01
Ambient	→	Deep −36.4 4.77 7.63 <0.01
Medium	‐>	Deep −14.7 5.99 −2.45 <0.05
%	Live	vascular	+	bryophytes	+	lichens	(in	
Ambient	77.9%)
Ambient	→	Medium −6.52 6.44 −1.01 0.57
Ambient	→	Deep −21.54 5.14 −4.19 <0.01
Medium	→	Deep −15.01 6.49 −2.31 0.06
%	Dead	shrubs	(in	Ambient	7.45%) Ambient	→	Medium 5.22 6.23 0.84 0.68
Ambient	→	Deep 18.81 4.97 3.79 <0.01
Medium	→	Deep 13.6 6.28 2.17 0.09
%	Dead	vascular	plants	(in	Ambient	17.8%) Ambient	→	Medium 2.94 6.06 0.49 0.88
Ambient	→	Deep 17.98 4.83 3.72 <0.01
Medium	→	Deep 15.04 6.11 2.46 <0.05
%	Soil	moisture	(in	Ambient	47.63) Ambient	→	Medium 3.82 4.72 0.81 0.70
Ambient	→	Deep 1.50 3.77 0.40 0.92
Medium	→	Deep −2.32 4.76 −0.49 0.88
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3.2 | Plant community composition in differing 
snow regimes
Snow	 regime	 was	 responsible	 for	 11.5%	 of	 the	 variation	 in	 com‐
munity	 composition	 (total	 inertia),	 which	 was	 a	 statistically	 sig‐
nificant	proportion	based	on	the	permutation	tests	(F1,35	=	11.631,	
p	 =	 0.001).	 The	 conditional	 variables	 fence	 location	 and	 DES	 ac‐








significant	difference	 in	occurrence	between	Ambient and Medium 
(−0.69,	 SE	 =	 1.20,	 z‐ratio	 =	 −0.58,	p	 =	 0.83)	 or	Medium and Deep 
plots	(−2.40,	SE	=	1.16,	z‐ratio	=	−2.07,	p	=	0.10).	For	live	Cassiope,	we	
found	no	statistically	significant	differences	in	occurrence	between	
Ambient and Deep	(+0.13,	SE	=	0.66,	z‐ratio	=	0.20,	p	=	0.98),	Ambient 
and Medium	 (−0.18,	SE	=	0.81,	z‐ratio	=	0.23,	p	=	0.97),	or	Medium 
and Deep	(0.32,	SE	=	0.82,	z‐ratio	=	0.38,	p	=	0.92).
The	snow	regimes	influenced	the	plot	cover	of	some	plant	groups,	
but	not	others	 (Figure	3,	Table	1).	Cover	of	 live	Dryas, Cassiope and 
Salix	were	all	significantly	lower	in	Deep	than	Ambient	plots,	and	live	
Salix cover was also lower in Deep	than	in	Medium.	The	cover	of	the	
forb	Bistorta	and	the	graminoid	Alopecurus	did	not	differ	significantly	
between	 snow	 regimes,	whilst	 Luzula	 had	 significantly	 lower	 cover	
in Deep	 than	 Ambient.	 Bryophytes	 increased	 in	Medium	 compared	
to	Ambient,	but	there	was	no	effect	of	snow	regime	on	lichen	cover	





cover	 of	 Luzula	 with	 deep	 snow,	 cover	 of	 the	 category	 “live	 gram‐
inoids	and	herbs”	was	unaffected	by	snow	regime.	The	cover	of	bare	
ground	(including	soil,	biological	crust	and	stones)	could	not	be	tested	
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TA B L E  3  Linear	regression	models,	relating	NDVI	(Y)	to	a	set	of	plant	community	variables	and	soil	moisture	content	(X)
Y X % cover Intercept Effect strength SE t p Pearson R
NDVI Dryas alive 0.44 0.002 0.001 3.26 <.01 0.52
NDVI Dryas dead 0.51 −0.005 0.001 −5.71 <.01 −0.77
NDVI Cassiope alive 0.36 0.003 0.001 3.22 <.01 0.53
NDVI Cassiope dead 0.49 −0.003 0.001 −4.30 <.01 −0.65
NDVI Salix alive 0.43 0.006 0.002 3.31 <.01 0.50
NDVI Salix dead 0.50 0.016 0.028 0.57 .59 0.21
NDVI Bistorta alive 0.48 −0.005 0.003 −1.66 .10 −0.29
NDVI Alopecurus alive 0.45 0.000 0.003 −0.14 .89 0.05
NDVI Luzula alive 0.45 0.001 0.002 0.25 .81 −0.29
NDVI bryophytes 0.45 −0.001 0.001 −0.72 .48 −0.11
NDVI Lichens 0.46 −0.013 0.011 −1.22 .23 −0.18
NDVI Shrubs	alive 0.35 0.003 0.000 6.23 <.01 0.676
NDVI Graminoids	&	herbs	alive 0.48 −0.001 0.001 −1.12 .27 −0.167
NDVI All	vascular	plants	alive 0.28 0.003 0.000 6.93 <.01 0.71
NDVI Live	vasc.	+	bryo.	+	lichens 0.159 0.0042 0.000 9.25 <.01 0.809
NDVI Dead shrubs 0.05 −0.004 0.001 −5.95 <.01 −0.68
NDVI Dead	vascular	plants 0.55 −0.004 0.001 −7.82 <.01 −0.76
NDVI %	moisture 0.43 0.000 0.001 0.19 .89 0.03
Note: R	represents	Pearson's	product	moment	correlation	coefficient.
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statistically	due	to	too	many	zeros	and	too	many	outliers.	Bare	ground	
data	for	the	three	snow	regimes	are	presented	in	Appendix	S2.





There	was	no	 significant	difference	 in	NDVI	between	Ambient and 
Medium	(−0.02,	SE	=	0.03,	t‐ratio	=	−0.64,	p	=	0.80).	In	relation	to	plant	
cover	within	plots,	NDVI	showed	significant	positive	correlations	to	
the	cover	of	living	Dryas, Cassiope and Salix,	and	negative	correlations	









substantially	 altered	 by	 enhanced	 snow	 regimes,	 and	 especially	 by	
Deep	 snow	 regime.	However,	 in	 contrast	 to	Hypothesis	1b,	deeper	
snow	due	to	fences	led	to	a	reduction	of	live	shrub	abundance	in	our	




Our	 results	 indicate	 that	 aspects	 of	 enhanced	 snow	 regimes	 may	
contribute	towards	vascular	plant	death	—	commonly	termed	“arctic	
browning”	(Phoenix	&	Bjerke,	2016),	and	is	discussed	further	below.
4.1 | Snow regime effects on plant community 
composition
Several	studies	have	examined	the	physiological	responses	of	plants	
of	various	species	 to	changing	snow	depth	 in	 the	High	Arctic.	For	
example,	 leaf	 and/or	 stem	nitrogen	 increased	 in	Salix arctica, Salix 












hypothesis	depend	on	 the	balance	between	 the	positive	 and	neg‐


















This	 balance	 also	 has	 consequences	 at	 the	 food	 web	 level:	 some	
herbivores	choose	patches	with	the	highest	abundance	of	 favored	




behind	 a	 snowfence	 established	 in	 1959	 in	 alpine	 New	 Zealand	
was	reported	by	Mark	et	al.	 (2015).	An	 increase	 in	cover	of	plants	
















large	 proportion	 (37%–65%)	 can	 be	 attributed	 to	 root	 respiration	
(Bhupinderpal‐Singh	et	al.,	2003;	Ryan	&	Law,	2005).	Roots	have	a	
strong	 influence	 on	 the	 temperature	 sensitivity	 of	 soil	 respiration	
(Boone,	 Nadelhoffer,	 Canary,	 &	 Kaye,	 1998),	 and	 roots	 of	 arctic	
plants	have	high	 respiration	 rates,	which	are	particularly	 tempera‐
ture	sensitive	(Cooper,	2004);	plants	under	deep	snow	may	have	lost	
so	much	carbon	through	winter	respiration	that	they	were	unable	to	
survive. The Medium and Deep	regimes	often	had	high	soil	moisture,	
especially	 in	the	early	season	(Mörsdorf	et	al.,	2019).	Even	though	














plants,	 changes	 in	moss	water	content	have	been	shown	to	 induce	
rapid	and	large	changes	in	NDVI,	and	the	relationship	between	NDVI	
and	water	 content	 is	 nonlinear	 (May	et	 al.,	 2018).	However,	 in	 our	
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